Particles accumulated in a coupled acoustic-gravity field, in which the base-material of a particle determines the equilibrium aggregation positions, are eluted from a separation channel by an orthogonal laminar flow. Elution times are controllable by changing the intensity and frequency of the ultrasonic waves.
Micro-and nano-particles have received special attention in a variety of disciplines because of their unique chemical and physical properties. Successful utilization of particles largely depends on the preparation process involving their separation. Separation of particles is in general more difficult than that of dissolved molecules, to which various well-established methods such as chromatography, electrophoresis, and solvent extraction are applicable, and thus various separation concepts still deserve attempting. Field flow fractionation (FFF) [1] [2] [3] is one of the most powerful methods for separating particles with diameters ranging from 10 -3 to 10 2 µm. This method is classified into several categories (e.g. thermal, sedimentation electrical, flow, dielectrophoretic) according to the external force field applied perpendicular to the flow direction as well as into some separation modes (e.g. normal, steric, hyper-layer etc.). Other fields [4] [5] [6] have also been attempted as external fields for particle separation. The exploitation of such a novel external field is essential for the further developments of particle separation methods.
An acoustic radiation force allows the involvement of a characteristic separation parameter, i.e. compressibility (alternatively, sound velocity), and promises the establishment of a novel separation principle.
According to the Yoshioka-Kawashima theory, 7 the acoustic radiation force on a particle, Fac, in a standing ultrasound field is given by
where k is the wave number (= 2π/λ, λ is the wavelength), x is the distance from the node, R is the particle radius, Eac is the average acoustic energy density, and A is a constant including the density (ρ), the sound velocity (c) and the compressibility (γ ) of the medium and the corresponding values of the particle (ρ′, c′ and γ ′). The above equations indicate that particles are aggregated to the nodal or antinodal position according to the
sign of the parameter A. Several researchers have attempted to verify the particle behavior in standing ultrasound fields and to separate particles using this external field. [8] [9] [10] [11] [12] Gupta et al., for example, have succeeded in separation of particles with different compressibility on the basis of this mechanism. 8 Equation (1) indicates that larger particles experience larger acoustic radiation forces, and leads to the idea that particle sizes can be discriminated in this field. However, size separation may be useful in some cases, but is not necessarily advantageous if its application to unknown samples is considered. From this standpoint, the authors introduced an acoustic-gravity field, in which the vertically generated acoustic force is balanced by the gravity (sedimentation force) and thus the size effect can be completely eliminated. In this coupled field, particles are aggregated to the equilibrium position determined by their acoustic properties not by their sizes.
13,14
where g is the gravity acceleration. Thus, if a medium flow is incorporated with this field, separation based on the acoustic properties of the base-materials of particles should be feasible. Another important feature of physical separation forces is that the retention of analytes can be externally controlled. Varying the nodal positions should allow the effective utilization of the laminar flow profile and thus facilitate the elution control of particles. In this communication, we would like to present a novel method to control particle retention by varying the intensity and frequency of ultrasound waves in order to show the effectiveness of the coupled acoustic-gravity field in particle separation.
Experimental
The coupled acoustic-gravity field channel was composed of a lead-zirconate-titanate transducer with 510 kHz resonant frequency (170 mm-length × 15 mm-width × 4.2 mm-thickness, Fuji-ceramics Inc., Japan) glued on a 5.00 mm-thick Pyrex glass plate and a boat-shaped PTFE spacer (0.8 mm-thickness), which was sandwiched between the glass plate and a stainless sheet
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supported with an aluminam plate. The dimension of the separation channnel was 166 mm-length × 10 mm-width × 0.8 mm-thickness.
The transducer was excited by the electrical signals (sine waves) generated by a digital function generator (Model WF1946, NF Electric. Co. LTD., Japan) and amplified by a bipolar high-speed amplifier (Model 4015, NF Electric Co. LTD., Japan). Degassed MilliQ water was fed to the channel as the mobile phase by a syringe pump (Model 11, HARVARD, USA) via a liquid chromatograph injector with a ∼10 µL sample loop. The average linear flow rate in the channel was 1.25 mm/s, which permitted us to keep the plane laminar flow. Eluted particles were detected by a UV detector (875-UV, JASCO, Japan) set to 220 nm. The sample was 3 µm polystyrene (PS) latex (Aldrich, USA); a typical sample concentration was 6.7 × 10 6 particles/mL. Figure 1 shows elution curves obtained under three different conditions, where the frequency of the electrical signal ( f ) was varied. The mobile phase flow was stopped for 10 min to allow the particles introduced into the channel to migrate into their equilibrium positions; then separation was started. If particles are aggregated near channel walls, they actually do not move because the local flow rate is almost zero. In contrast, particles aggregated at the center of the channel should flow down to the channel outlet with the maximum flow rate. Operation frequencies studied were 463, 500, and 774 kHz to vary the nodal positions; simple calculations indicated that the node would be formed at the upper wall surface with 500 kHz and at the bottom wall surface at 774 kHz. A large peak appears near the void peak for f = 463 kHz (Fig. 1a) , indicating that the particle aggregation occurs near the center of the channel. When the frequency was set to 774 kHz (Fig. 1b) or 500 kHz (Fig. 1c) , no peaks were detected while the transducer was excited, strongly suggesting that the particles are accumulated in the vicinity of either wall. When the electric voltage supplied to the transducer was switched off, a large peak was detected in the latter case whereas no peaks appeared in the former. Since the resonant frequency of the transducer is ca. 500 kHz, the ultrasound intensity at 500 kHz should be larger than that obtained at 774 kHz. It can thus be reasonably inferred that the particles are accumulated at the upper channel wall at f = 500 kHz, and then settle down to the mobile phase stream when the ultrasound force is removed. On the other hand, the particles are accumulated on the bottom channel wall at f = 774 kHz, and thus are not eluted even in the absence of the ultrasound force. Figure 2 shows the retention time control of the PS particle by regulating the electric voltage supplied to the transducer, which in turn changes the ultrasound force. The supplied electric voltage was linearly decreased with time, t, while the frequency of the electric signal was kept 500 kHz:
Results and Discussion
where V0 is the initial supplied voltage. As discussed above, the particles are aggregated at the upper channel wall as long as sufficient voltage is supplied to the transducer. The average acoustic energy density is a simple function of V as
where α is a constant depending on operational conditions. 14, 15 From Eqs. (3) and (5), the time-dependent aggregation position of particles can be represented by
where z is the distance from the bottom wall of the channel, and znode denotes the distance from the bottom wall to the node (znode is estimated 8.0 × 10 -3 m for 500 kHz). For the plane laminar flow, the linear velocity of the mobile phase is given by
where ν -is the average flow rate of medium and h is the channel width. The particles accumulated at z(t) will move with the velocity expressed by Eq. (7), while those not aggregated should flow with the average flow rate. The z(t) value should decrease with decreasing V(t), and the aggregation no longer occurs when the ultrasound radiation force becomes lower than the threshold value. When the particle aggregation takes place lower than the node, the threshold voltage (V(t)th) is given by
The retention time of a particle can be calculated with the following equations: 
where L is the distance traveled by the particle before it reaches the channel outlet. The peak times shown in Fig. 2 can be explained by the above equations; (a) 825 s (826 s), (b) 1216 s (1215 s), and (c) 1540 s (1603 s), calculated times are in parentheses, where L = 172 mm (slightly longer than the accual channel length, 166 mm) and α = 0.018 gave the best agreements between experimental and calculated values. Thus, the gravity-acoustic coupled field is potentially useful for particle separation, and the particle retention is externally controlable and theoretically predictable.
Separation of particles according to their base materials is now in progress in our laboratory.
